This paper presents a fabrication process to enhance homogeneous dispersion of BaTiO 3 nanoparticles in polyvinylidene fluoride matrix nanocomposites using fused deposition modeling (FDM) 3D printing technique. The nanocomposites integrate the functional property (piezoelectric, pyroelectric, and dielectric) of BaTiO 3 with the flexibility and lightweight of polyvinylidene fluoride. Traditionally, the simple yet effective way to fabricate the nanocomposites includes solventcasting, spin-coating, and hot-embossing. However, these methods have disadvantages such as heterogeneous dispersion of BaTiO 3 nanoparticles in polyvinylidene fluoride matrix due to the higher density of BaTiO 3 compared with polyvinylidene fluoride and agglomeration during fabrication process. This heterogeneous dispersion could weaken functional and mechanical properties. Herein, fused deposition modeling 3D printing technique was utilized for homogeneous dispersion to alleviate the agglomeration of BaTiO 3 in polyvinylidene fluoride through two processes: filament extrusion and 3D printing. In addition, thermal poling was applied to further enhance piezoelectric response of the BaTiO 3 / polyvinylidene fluoride nanocomposites. It is found that 3D printed BaTiO 3 /polyvinylidene fluoride nanocomposites exhibit three times higher piezoelectric response than solvent-casted nanocomposites.
Introduction
Ceramic-polymer based composites, where the properties of two or more materials are combined, are used widely in various industry applications that range from sensors and actuators to embedded electronics. 1 For these purposes, composites of 0-3 connectivity, which means that a three-dimensionally connected polymer phase is loaded with isolated ceramic particles, have gained interest specifically to enable freedom of design in flexible form as well as inexpensive fabrication process. 2 Nanocomposites integrating piezoelectric ceramic fillers within a polymer matrix have attracted great interest due to a unique combination of piezoelectric properties and polymer matrix flexibility. Poly(vinylidene fluoride) (PVDF) is used as polymeric matrix which also exhibits a well-known polymorphism based on crystal orientation of four different phases; a, b, g, d. Due to its unique chain conformation in crystal unit cell and its high highest remnant polarization, b-phase has attracted the most attention among the PVDF phases for its enhanced piezoelectric and pyroelectric applications among polymers. 3 On the other side, piezoelectric ceramics have been utilized as excellent dielectric materials in the electronics industry. BaTiO 3 (BTO) is preferred as inorganic filler due to its environmentally friendly nature and ease in handling as lead-free material. 4 However, BTO has poor flexibility which limits applications for large scale fabrication. To solve this issue, ceramic-polymer-based composites have been considered as candidate dielectric materials for new-type capacitors. Recently, BTO/PVDF nanocomposites are attractive to energy harvesting and sensor applications due to their simple and convenient fabrication process, low cost, and excellent properties.
There are several traditional methods for preparing BTO/PVDF nanocomposites such as solvent-casting, spin-coating, and hot-embossing. A simple effective way to fabricate the nanocomposites is the solventcasting method. 4 However, this method has a disadvantage in heterogeneous dispersion and agglomeration of BTO nanoparticles within the PVDF matrix. This is because particles with high surface energy are easy to agglomerate and hydrophilic nanoparticles and hydrophobic polymer are not compatible in nature, which result in poor interfacial interaction. 6 Although many formulation and process factors are influencing the particle dispersion, coupling agents (including dispersant and surfactant) have been found to improve the dispersion. 7 However, these coupling agents can scarcely bring about remarkable improvement on chemical interaction and agglomeration. In addition, micro fabrication using solvent-casting results in a PVDF matrix with a higher degree of porosity, opaque, and fragility. 8 For these reasons, heterogeneous dispersion, agglomerates, and porosity can weaken piezoelectric and dielectric properties and mechanical strength of nanocomposites. 9 In this paper, fused deposition modeling (FDM) 3D printing technique was utilized to promote homogeneous dispersion and alleviating agglomeration of BTO nanoparticles in PVDF through filament extrusion and 3D printing. In addition, thermal poling was processed to further enhance piezoelectric response of the BTO/PVDF nanocomposites. X-ray (XRD) diffraction, Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) were used for material characterization. A dynamic load frame was used for characterization of piezoelectric response.
Experimental Materials
PVDF powder (M W $ 534,000; Sigma-Aldrich) and BTO powder (100 nm; Inframat Õ ) were used as the main components for the Nanocomposites solventcasting. N-Dimethylformamide (DMF, OmniSolv Õ ) was used as the solvent material to dissolve PVDF and BTO.
Synthesis and fabrication
Preparation of solvent-cast film. 9 wt.%-BTO/PVDF sheets were fabricated via solvent-casting. Solution was prepared by dissolving a 10 wt.% PVDF powder in DMF solvent. Solution was then placed in a water bath at 80 C and was stirred using a magnetic stir bar at 100 r/min for approximately 30 min. After PVDF powder fully dissolved, BTO powder was introduced to the solution. This attained nanocomposites solution was then heated and stirred using the same parameters for approximately 15 min. BTO built up at the bottom of solution was addressed by ultra-sonication (Branson Sonifier 450) for 20 min. DMF solvent is then evaporated by dispersing nanocomposites solution onto a glass substrate and heated to a temperature of 120 C for 12 h. The procedure yields a thin BTO/PVDF nanocomposites film of 0.15 mm in thickness, the sheet sample was then cut with required dimensions for further testing and sample preparation.
Preparation of 3D printed film. To further enable a homogeneous dispersion of material, the casted sheet was prepared for extrusion. The sheet was cleaved into several 5 cm 2 . The cleaved samples were then fed to a filament extruder (Filabot) at a temperature of 200 C. Filament of 2.7 mm in diameter was extruded and spooled, special measures were taken to avoid contamination during extrusion.
Fabricated BTO/PVDF nanocomposites filament was then inserted to FDM 3D printer, also known as extrusion-based process, which deposits materials in form of a continuous flowing layer by layer to build a 3D structure. 10 Here an FDM 3D printing machine (Lulzbot Taz 5) was used to fabricate thin films of 0.33 mm in thickness with dimensions of 11.5 Â 37 mm at a nozzle temperature of 250 C, the printing speed was set at 5 mm/s, and the heating bed temperature at 80 C. It is important to note that BTO may burn and clog the nozzle when printing at such high temperature. This issue is addressed by limiting the amount of time the filament remains within the heated nozzle.
Thermal poling process. After fabricating the two films by solvent-casting and 3D printing processes, the samples were then prepared for a thermal poling process, where extensive research has indicated the transformation of PVDF b-phase. 5 Copper paint electrodes were attached on samples, connected to a high voltage source, and exposed to a high electric field of 35 MV/m, which was found to be maximum electric field before experiencing electric breakdown, a schematic of the set-up is shown in Figure 2 (b). It is important to note that PVDF requires at least 50 MV/m to be polarized due to high coercive electric field; however, BTO requires only about 35 KV/m. 11, 12 Electric breakdown was avoided by dipping samples into silicon oil at 90 C which also helps accelerating polarization during the process. Thermal poling was performed for 2 h on both 3D printed and solvent-casted films. The entire procedure of the solution casting and 3D printing sample preparation is shown in Figure 1 .
Structural, morphological, and functional characterizations
XRD was performed on solvent-casted and 3D printed films in order to characterize crystallinity and phase transformation using CuKa radiation on a D8 Discover diffractometer (Bruker, USA). In addition, FTIR (Agilent Technologies Cary 630 ATR-IR) analysis was performed in the 600-1600 cm À1 wavenumber range at room temperature to characterize the infrared spectrum of absorption of 3D printed and solvent-cast BTO/PVDF nanocomposites. The morphology of the nanocomposites was observed in an SEM (TM-1000, Hitachi). Piezoelectric output current was measured by fatigue load frame (Bose ElectroForce) and picoammeter (Keithley 6485) as shown in Figure 2 (a).
Experimental setup
To quantify the piezoelectric property of BTO/PVDF nanocomposites, both 3D printed and solvent-casted films were prepared with 8 Â 33 mm Cu paint electrodes in top and bottom surfaces, the electrodes were then extended with Cu tape to allow a proper connection with the picoammeter as shown in Figure 2 (a) and (b). Dynamic force was applied on BTO/PVDF film to measure periodic output current. Fatigue load frame generated 50 cyclic loads on the sample under a range from 5 to 45 N at 1 Hz while the picoammeter is measuring current output. To prevent noise from fatigue machine during measurement, the two grips handing the sample were covered with insulating tape.
Results and discussion

SEM analysis
SEM was performed to analyze surface topography of BTO/PVDF nanocomposites films. Top and bottom surfaces and cross-sections of 3D printed and solvent-casted films were characterized and compared. Obtained SEM images are shown in Figures 3 and 4 . In the solvent cast film, shown in Figures 3(a) and (b), it can be observed that there is a clear difference of nanoparticles dispersion between the top and bottom surface. In the top surface, BTO particles are sparsely observed within the PVDF matrix. In addition, the PVDF agglomerated, and porosities and micro-surface cracks were observed. These are defects that occur upon the drying of the DMF solvent. In the bottom surface, there was higher presence of large BTO nanoparticles, this is due to the higher density of BTO compared with PVDF. However, in the 3D printed materials, as shown in Figure 3 (c) and (d), both the top and bottom surface had no clear indication of a BTO-dominated surface which points to a more heterogeneous dispersion of BTO in PVDF. In addition, there is visible reduction of agglomerations and disappearance of porosities and micro-surface cracks. Figure 4 shows cross-sections of each 3D printed and solvent-casted film and displays how BTO nanoparticles are dispersed in PVDF matrix. Nanoparticles in solvent-casted film were significantly agglomerated in the bottom surface and relatively were observed at the top surface. However, it was shown that nanoparticles in 3D printed film are well-uniformly dispersed throughout the entire cross-section area. These reflections were measured in the top and bottom sides, indicating that the top and bottom sides contain uniformly dispersed BTO nanoparticles which proves the coexistence of the materials within the sample. The peak at 20.8 (110) corresponding to b-phase of PVDF was absent before thermal poling; however, it appeared and broadened after thermal poling in both the top and bottom sides. In addition, a peak at 26.6 (021) corresponding to a-phase of PVDF slightly decreased in both the top and bottom sides due to thermal poling which indicates some degree of a to b-phase transformation with a heterogeneous distribution of BTO. Figure 6 (a) and (b) represent the reflected spectra on the top and bottom sides of solvent-casted BTO/PVDF before and after thermal poling. Reflected spectra of the top side of solvent casted BTO/PVDF, as shown in Figure 6( (a) (b) Figure 5 . XRD comparison of (a) the top and (b) bottom sides of 3D printed 9 wt.%-BTO/PVDF films, respectively. when BTO particles are added to PVDF/DMF solution and these dipoles were locally oriented around surface of BTO nanoparticles acting as nucleation agent. 8, [18] [19] [20] These oriented CH 2 -CF 2 dipoles were packed in TTT configuration characteristic of b-phase or g-phase.
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However, after thermal poling, a peak at 20.8 corresponding to b-phase was appeared and a peak at 36.6 correspond to b-phase was slightly increased. In addition, the peak at 20.8 slightly shifted to higher degree and broadens. Figure 6(b) , which shows the bottom sides of solvent-casted BTO/PVDF, displays all of the major reflections that are relevant to BTO which also has a higher intensity compared with Figure 6 (a). Therefore, this supports that compounds of BTO/PVDF in solvent-casted film are not uniformly dispersed.
FTIR analysis
FTIR analysis was performed on 3D printed and solvent-cast BTO/PVDF nanocomposites films to determine the degree of crystallinity of a-and b-phases with IR absorption bands at 766 and 840 cm À1 which are characteristics of the a-and b-phases, respectively. The b-and g-phases resemble each other structurally and spectroscopically at 510 and 840 cm À1 so that it made the differentiation more difficult; however, these two phases can be clarified by checking the bands around at 1275 and 1234 cm À1 to identify the existence of the b-and g-phases. 16, 20, 24, 25 The procedure was similar to references of Salimi et al. and Gregorio et al. 26, 27 Figure 7 shows the FTIR spectra of 3D printed and solvent-cast films before and after thermal poling as well as raw PVDF. It was observed that electroactive b/g-phases (840 cm À1 ) increase relatively due to the effect of thermal poling process as shown in Figure 7 (c) and (e). These coexisting two phases can be clarified by Figure 7 (d-e) . The g-phase at 1234 cm À1 decreased after thermal poling, whereas b-phase at 1275 cm À1 increased. This means that g-phase transferred to b-phase which is a good agreement with XRD spectra of b-and g-phases as shown in Figure 6(a) . Particularly, solvent-cast film (d-e) shows relatively lower a-phase peaks (614, 766, 795, 854, 976 cm À1 ) were observed than that of 3D printed film (b-c). Table 1 shows the calculated b-phase contents at each sample followed by the Lambert-Beer law. 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 Absorbance (a.u.) Figure 7 . FTIR spectra for (a) raw PVDF, (b) 3D printed 9 wt.%-BTO/PVDF films before thermal poling, (c) 3D printed 9 wt.%-BTO/ PVDF films after thermal poling, (d) solvent-cast 9 wt.%-BTO/PVDF films before thermal poling, (e) solvent-cast 9 wt.%-BTO/PVDF films after thermal poling. Table 1 . b-phase contents for 3D printed and solvent-cast 9 wt.%-BTO/PVDF nanocomposites films before and after thermal poling. Solvent-cast film shows higher b-phase percentage than 3D printed film regardless of poling. As described in XRD analysis, b-phase of solvent-cast film before thermal poling was nucleated due to dipole polarization on BTO surface. This result is in good agreement with XRD spectra. However, through the heating process such as filament extrusion and 3D printing, the bphase content was diminished because crystalline was repolarized by thermal effect. After thermal poling, both 3D printed and solvent-cast films had increased b-phase contents. It is noted that g and d-phases have been ignored in this content calculation due to small amount in the sample.
Measurement of piezoelectric property
The piezoelectric property of BTO/PVDF films can be characterized by measuring current output as a function of applied cyclic mechanical stresses. In piezoelectric material and device, piezoelectric effect can be evaluated using d 33 meter. However, for piezoelectric nanocomposites, charge amplified circuit is typically needed to amplify output current since piezoelectric coefficient is too small to be measured by d 33 meter. Therefore, a fatigue load frame was implemented to apply 50 cyclic loads under 40 N at 1 Hz as shown in Figure 8 and piezoelectric d 31 response was measured accordingly. [28] [29] [30] It was measured that the solvent-casted film before the thermal poling process generated AE0.05 nA current output, while the 3D printed film generated relatively lower current of AE0.03 nA than solvent-casted one, as shown in Figure 9 . This may be due to the higher presence of PVDF b-phase found right after solvent-casting. However, after the thermal poling process, the 3D printed nanocomposites generated AE0.15 nA current output which is higher than AE0.09 nA of solvent-cast one, shown in Figure 10 . In total, current output of the solvent-casted film after thermal poling has increased to 180%; however, the 3D printed film has increased to 500%.
To calculate piezoelectric coefficient d 31
where D i is the electrical displacement, j is the applied stress, and d ij is the piezoelectric coefficient. In this case, subscripts i and j are defined as 3 and 1, respectively. Therefore, the equation can then be expressed as
Considering areas of electrode and cross section, equation (1) can then be expressed as
where Q is charge, A elect and A cross are areas of electrode and cross-section, respectively, is Poisson's ratio, and F is an applied force. Then, piezoelectric coefficient can be expressed as
A elect and A cross are 264 mm 2 and 2.62 mm 2 , respectively, and Poisson's ratio was determined as 0.34. 31 Charges can be attained by numerical integration which is the similar method with Simpson's rule 32 expressed as
where I i is the output current at i th and t i is the time at i and equation (5) (6) describes
The calculated result determines the piezoelectric coefficients of films fabricated by 3D printing and solvent-cast processes.
The result of piezoelectric coefficient as shown in Table 2 indicates that 3D printed sample shows 233% higher piezoelectric coupling coefficient after thermal poling. The increase means that the 3D printing process has more influence on the piezoelectric property because it provided homogeneous dispersion, reduced porosities and cracks, and alleviated agglomeration of BTO nanoparticles.
Conclusions
The piezoelectric property of 3D printed and solventcasted BTO/PVDF films was characterized and compared by using SEM, XRD, FTIR, and fatigue load frame. SEM results of solvent-casted film have higher degree of agglomeration, porosities, and cracks in comparison with 3D printed one. XRD spectra show the significant homogeneous dispersion of BTO particles in the 3D printed film compared to solvent-cast one. FTIR demonstrated that more b-phase content was present relatively in solvent-cast film than 3D printed one due to the fact that PVDF dipole alignment was occurred around the surface of BTO nanoparticles 
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